Abstract.-We studied the molecular phylogeny of the carabid subgenus Ohomopterus (genus Carabus), using two mitochondrial (mt) DNA regions (16SrRNA and NADH dehydrogenase subunit 5) and three nuclear DNA regions (wingless, phosphoenolpyruvate carboxykinase, and an anonymous locus). We revisited the previously reported incongruence between the distribution of mtDNA markers and morphologically de ned species (Su et al., 1996; J. Mol. Evol. 43:662-671), which those authors attributed to "type switching", a concerted change in many morphological characters that results in the repeated evolution of a particular morphological type. Our mtDNA gene tree obtained from 44 individuals representing all 15 currently recognized species of Ohomopterus revealed that haplotypes isolated from individuals of a single "species" were frequently separated into distant clades, con rming the previous report. The three nuclear markers generally conformed better-with the morphologically de ned species than did the mitochondrial markers. The phylogenetic signal in mtDNA and nuclear DNA data differed strongly, and these two partitions were signi cantly incongruent with each other according to the incongruence length difference test of Farris et al. (1994; Cladistics 10:315-320), although the three nuclear partitions were not homogeneous either. Our results did not support the type-switching hypothesis that had been proposed to t the morphological data to the mitochondrial gene tree: The incongruence of the mtDNA tree with other nuclear markers indicates that the mtDNA-based tree does not re ect species history any better than the morphological data do. Incongruence of gene trees in Ohomopterus may have been promoted by the complex processes of geographic isolation and hybridization in the Japanese Archipelago that have led to occasional gene ow and recombination between separated entities. The occurrence of reticulate patterns in this group is intriguing, because species of Ohomopterus exhibit extremely divergent genitalic structures that represent a highly ef cient reproductive isolation mechanism.
Establishing species-level phylogenies from DNA sequence data is complicated by the fact that gene trees may not accurately re ect the species phylogeny. Apparent incongruence may arise because of homoplasy in the data or, more importantly, because of chance events of lineage sorting at speciation as well as introgressive hybridization (e.g., Bull et al., 1993; Avise, 1994; Moore, 1995; Brower et al., 1996; Doyle, 1997; Maddison, 1997; Klein et al., 1998) . Because of the different modes of inheritance, the effectiveness of mitochondrial loci and of nuclear loci for tracking species phylogeny may differ in the early stage of species divergence (Moore, 1995) . Also, cytoplasmic and nuclear loci may differ in their susceptibility to introgressive hybridization (e.g., Rieseberg and Soltis, 1991; Avise, 1994) . For phylogenetic reconstruction at the species level, the use of several independent gene trees is recommended to overcome the effect of stochastic sorting of ancestral polymorphisms (e.g., Pamilo and Nei, 1988; Wu, 1991) . In addition, a comparison of nuclear and mitochondrial (mt) DNA genealogies can be a powerful tool for detecting hybridization (e.g., Moore, 1995) . Molecular phylogenetic analysis based on multiple mitochondrial and nuclear loci would be especially useful when obvious incongruence is found between phylogenetic hypotheses from single molecular (e.g., mtDNA) markers and non-molecular (e.g., morphological) evidence at an early stage of a phylogenetic study (e.g., Poe, 1996; Normark and Lanteri, 1998) .
The debate concerning combined versus separate phylogenetic analysis of multiple data sets seems to have resulted in some agreement on the preliminary treatment of potentially heterogeneous data (Bull et al., 1993; de Queiroz et al., 1995; Miyamoto and Fitch, 1995; Huelsenbeck et al., 1996; Wiens, 1998) . That is, one should rst assess the heterogeneity among data partitions 39 (e.g., among genes studied), and then perform a combined analysis if the data sets are not heterogeneous, or choose an appropriate strategy according to the nature of the heterogeneity (Bull et al., 1993; de Queiroz et al., 1995) . This approach of treating incongruence is questionable on philosophical grounds if our goal is to reconstruct the single phylogeny of a group (DeSalle and Brower, 1997) , but it is potentially a useful tool for understanding the processes affecting the evolutionary history of the composite genome of organisms (Bull et al., 1993) . Although recent phylogenetic studies are beginning to provide some empirical examples of the analysis of incongruence patterns among DNA data sets, perceived incongruences of mtDNA and nuclear markers are frequently the result of differences in analytical and methodological procedures rather than strongly contradicting phylogenetic signals (Brower et al., 1996) . The utility of available methods to assess incongruence has not been suf ciently evaluated, and we have little idea how prevalent in nature are important differences among data partitions (Huelsenbeck et al., 1996) .
Here we test empirical evidence for differences in the phylogenetic signal between nuclear and mtDNA data sets in Japanese ground beetles, subgenus Ohomopterus, which exhibit obvious discrepancies between the mtDNA gene phylogeny and morphological characteristics (Su et al., 1996b) . Ohomopterus is a subgenus of the Holarctic genus Carabus (Coleoptera: Carabidae) and constitutes a group of 15 species in the ve species groups that are endemic to Japan (Ishikawa, 1985 (Ishikawa, , 1991 . They exhibit marked diversi cation among groups in genital characters, which in some cases are greatly enlarged structures and apparently represent a powerful reproductive isolation mechanism (Ishikawa, 1987 (Ishikawa, , 1989 (Ishikawa, , 1991 Kubota and Sota, 1998; Sota and Kubota, 1998) . In particular, the copulatory piece of male genitalia, which is inserted into the vaginal appendix of the female to maintain coupling during mating, differs widely between species and represents a reliable diagnostic character (Fig. 1) . Indeed, interspeci c matings often result in the death of female beetles because of rupture of the vagina by the mismatched male genitalia, thus reinforcing reproductive isolation .
Despite the reliability of genitalic markers for species identi cation and their apparent functional signi cance in prezygotic reproductive isolation, these morphologically de ned groups do not correspond to groupings based on mtDNA. A molecular phylogeny of Ohomopterus established by Su et al. (1996b) , using mitochondrial NADH dehydrogenase subunit 5 region (ND5), revealed that mtDNA haplotypes obtained from a single morphologically de ned species were phylogenetically widely separated. In particular, individuals of C. insulicola, C. dehaanii, and C. yaconinus exhibited haplotypes that were part of either of the two main clades found in Ohomopterus, thus rendering these species polyphyletic. Instead of re ecting congruence with the morphologically dened species, the major mtDNA clades were correlated with their geographic distribution (Su et al., 1996b) . Su et al. (1996b) considered it unlikely that the geographic pattern of distributions of morphological types and mtDNA markers could be explained with a classical scenario of stochastic sorting of ancestral polymorphism or introgressive hybridization. Therefore, they assumed that the mtDNA is a valid re ection of the phylogeny and invoked a complex mechanism named "type switching" to explain why morphology is incongruent with this lineage history. Type switching refers to a discontinuous transformation in morphology caused by an upstream genetic switch that affects a set of external and internal (genitalic) morphological traits. In Ohomopterus, the switching between discrete character states was assumed to have occurred multiple times independently in different geographic regions. The different states of this switch are equivalent to the named species-level taxa.
The type-switching hypothesis is unique as an explanation for incongruence. It differs from traditional hypotheses of parallel evolution through natural selection, such as, the convergent wing patterns of mimetic butter ies, which affects only some of the morphological traits of organisms, not the entirety of differences between two species. It is also unlike the "parallel speciation" hypothesis (Schluter and Nagel, 1995) , which invokes convergent evolution of equivalent species from common ancestors as inuenced by similar environments. Rather, type switching implies a non-Darwinian evolutionary scenario in which discontinuous FIGURE 1. The species and species groups of the subgenus Ohomopterus, with dorsal or lateral views of copulatory pieces of male genitalia. The pictures inserted are male genitalia (endophallus everted) and dorsal views of male beetles. The cladistic relationship of species groups follows that of Ishikawa (1989 Ishikawa ( , 1991 differences between species are produced as the result of nonadaptive genetic changes with pleiotropic effects on morphology, an idea that has been strongly endorsed by structuralist biologists (e.g., Sibatani, 1997) . Although fascinating as a mechanism leading to rapid diversi cation of organisms, particularly in light of current thought in developmental genetics (e.g., Gerhart and Kirschner, 1997) , the type-switching hypothesis is at this stage merely an ad hoc explanation to reconcile the incongruence of mtDNA with the traditional taxonomy.
If type switching is, in fact, responsible for the observed incongruence, then one would expect the incongruence between morphology and genetic markers also to extend to the nuclear genes (except, perhaps, those directly involved in the type switching), because such nuclear markers should be largely congruent with the lineage history and thus with the mtDNA. Therefore, as a test of the type-switching hypothesis, we analyzed three nuclear markers, including parts of the gene for wingless, a region encoding phosphoenolpyruvate carboxykinase, and an anonymous single-copy DNA region, to test for incongruence between the molecular-and morphology-based species circumscriptions. We also generated a new mitochondrial data set from the genes encoding 16SrRNA and ND5, the latter having been used by Su et al. (1996b) . Our analysis of the mtDNA phylogeny is largely consistent with the ndings of Su et al. (1996b) and supports their observation that mtDNA haplotypes do not coincide with the morphological species. However, we nd that the phylogeny of the three nuclear markers, at least when combined in a simultaneous phylogenetic analysis, is more congruent with the morphologically recognized species than is the mtDNA. Importantly for the test of the type-switching hypothesis, the various nuclear genes also exhibit incongruence with one another, possibly suggesting an overall high amount of incongruence between the various parts of the genome. The incongruence of morphology and mtDNA therefore is to be expected and could be the result of gene ow and recombination between differentiated genomes without requiring novel explanations such as type switching. The data also illustrate the dif culty of inferring what constitutes incongruence between closely related (and little divergent) genotypes and what counts as evidence for true differences in phylogenetic history of different loci. This is an important issue for empirically assessing the relevance of the much debated gene tree-species tree problem.
MATERIALS AND METHODS

Sampling
The distribution of species or species groups and localities of samples used in the present study (Table 1) are shown in Figure 2 . Identi cation of species was based on a set of external morphological characteristics and the structure of the male genitalia. However, a formal analysis of species delimitation according to cladistic principles (e.g., using Population Aggregation Analysis; Davis and Nixon 1992) has not been performed in this group and would be desirable for a clear identi cation of species membership. Species groups in Ohomopterus are at least partly de ned on the characteristics of the male copulatory piece as a key diagnostic trait (Fig. 1) . The Japonicus and Albrechti species groups have small body sizes and triangular copulatory pieces. The Dehaanii species group also exhibits triangular copulatory pieces, but the beetles are generally larger and possess four elytral chain striae in contrast to the three chain striae in other groups. The Yaconinus species group is of intermediate body size and has pentagonal copulatory pieces. Finally, the beetles in the Insulicola species group are mediumsized and have hook-like copulatory pieces that show marked variation in shape and size among species and subspecies. Carabus (subgenus Carabus) granulatus from Japan was used as an outgroup.
Adult beetles preserved in absolute ethanol were used for DNA analysis. We used thoracic muscles of both sexes, muscles at the base of aedeagus, or testes of males for extraction of total DNA. The tissues were digested with proteinase K, and DNA was extracted by a phenol-chloroform method (Vogler et al., 1993) .
Primers for Polymerase Chain Reaction and Direct Sequencing
For mitochondrial 16SrRNA (16S) and ND5, we used primers 16Sa and ALF1, which amplify the 16S rRNA region of tiger beetles (Vogler et al., 1993) , and the ND5 primers designed for Carabinae by Su et al. (1996a) , respectively ( Table 2 ). These primers ampli ed »850 bp of the 16S region and 1083 bp of the ND5 region. For nuclear wingless (WG) and phosphoenolpyruvate carboxykinase (PepCK), we rst tested degenerate primers supplied in the Insect Nuclear DNA Primer Set (Nuclear Acid-Protein Service Unit, Biotechnology Laboratory, University of British Columbia, Vancouver) for the polymerase chain reaction (PCR) with total DNA of Ohomopterus (primer names: LEPWG1 and ModLEPWG2 for WG; 18.5dF and 22.5drc for PepCK). PCR products for each gene were cloned by using the TOPO TA cloning kit (Invitrogen) and sequenced, and those that could be positively identi ed as the homologous gene products based on similarity to existing GenBank entries were used to design speci c primers interior to those initially used. These primers ampli ed fragments of 440 bp of WG and 630 bp of PepCK. PCR products obtained from creatine kinase intron primers (CK6-5' and ARK7-3') of the Insect Nuclear DNA Primer Set were not homologous to the arginine kinase gene of arthropods, as we S YSTEMATIC BIOLOGY VOL. 50 FIGURE 2. Localities of specimens used. The numerals indicate the reference numbers of specimens in Table 1. had expected (Palumbi, 1996) , but ampli ed »670 bp without strongly matching any sequence in GenBank. This anonymous DNA region ("Anonymous") produced valuable phylogenetic information. Sequences for all primers used in this study are given in Table 2 . These primers were used for direct sequencing from total genomic DNA. PCR products were puri ed with a GEANCLEAN II Kit (BIO 101) or QIAquick PCR Puri cation Kit (Quiagen). The dye terminator cyclesequencing reaction was performed with Thermo Sequenase (Amersham Life Science) or ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer) and electrophoresed on ABI 377 and ABI 373 sequencers (Perkin-Elmer).
Phylogenetic Analysis
Sequence alignment was trivial for most of the data set; no length differences were found in WG, PepCK, and ND5, and only a single base gap was required in 16S. Alignment in Anonymous required two simple gaps and one region with complex gaps because of length variations of poly-T and poly-A sequences. Because some individuals were apparently heterozygous, we therefore cloned and sequenced alleles in 
Anonymous (creatine kinase intron primers) F:
a F, forward primer; R, reverse primer.
some cases. We never encountered more than two alleles in a single individual, consistent with the assumption that this gene region is a single-copy Mendelian locus. In the present analysis, we used sequences of 583 bp without alignment ambiguity. Sequences used in the present analysis are deposited in GenBank (accession numbers: 16S, AF219384-AF219428; ND5, AF219429-AF219473; WG, AF219520-AF-219564; PepCK, AF219474-AF219518; Anonymous, AF219565-AF219623). Aligned sequence data are available at http://www. utexas.edu/ftp/depts/systbiol/. Phylogenetic analysis was performed with PAUP ¤ version 4.0 (Swofford, 1999) . Maximum parsimony (MP) trees were obtained by heuristic search of 100 random addition analysis with tree bisection-reconnection (TBR) branch-swapping (MULPARS and Steepest descent options activated). Con dence in each node was assessed by bootstrapping (1000 replications; heuristic search of 10 random addition analysis with TBR branchswapping; Steepest descent option activated) and Bremer support (BS) (Bremer, 1994) . TreeRot (Sorensen, 1996) was used to generate constraint les for searches of shortest trees constrained to not include the focal node. The frequencies of transition and transversion for each gene were estimated on the most-parsimonious trees obtained for each gene by using MacClade version 3 (Maddison and Maddison, 1992) . The estimates were the average frequencies for all reconstructions of state changes.
Incongruence between data partitions was assessed with the partition homogeneity test (Farris et al., 1994 (Farris et al., , 1995 as implemented in PAUP ¤ . In each test, 999 random partitionings of the data were executed to obtain a null distribution for assessing the statistical signi cance of the incongruence length difference (ILD) between the original data partitions. We also performed a simultaneous analysis of all genes combined. To assess the relative contributions of different gene partitions to the branch support of the simultaneous analysis tree, the partitioned Bremer support (PBS) was determined by following the steps described in Baker et al. (1998) . PBS shows the contribution of each gene partition to the BS of the simultaneous analysis tree. The PBS value for a given node was obtained by subtracting the length of the partition on the simultaneous analysis tree from the length of a partition on a tree constrained to not contain the node of interest. A positive PBS indicates support for the node by the data partition, whereas a negative PBS indicates that evidence in the data partition is inconsistent with that node (i.e., shorter trees can be obtained from that partition than the one obtained in the simultaneous analysis).
The PBS provides information on an individual node of the tree, but we also used it here as a useful summary measure to assess congruence of phylogenetic signal between data partitions. For this, PBS values obtained in a given simultaneous analysis tree were compared by using Spearman's rank correlation; positive correlation between two data partitions would indicate similar general patterns of node support, with each of the partitions supporting (or contradicting) roughly the same sets of nodes more strongly than other nodes. This measure has the advantage that the congruence of partitions can be detected even if they both are contradicted by a simultaneous analysis tree. We found the rank correlation to be a sensitive measure of congruence because it takes into account the relative magnitude of support for nodes within each of the partitions but is not susceptible to differences in the absolute numbers of informative characters in each of them. However, although the PBS is either positive or negative, not all the PBS values at a given node can be negative simultaneously. That would bring a bias towards negative correlation in cases when the distribution pattern of support signals differs between two partitions. In addition, the PBS values are complexly interdependent within each partition and across the simultaneous analysis tree.
To assess the extent of inconsistency for each of the mitochondrial and nuclear data sets with morphological species and species groups, we calculated the minimum tree lengths when a given taxon was constrained as monophyletic in the tree search. The increase in minimum tree length over that of the unconstrained tree and the excess of homoplasy resulting from the constraint were scored as the rescaled CI. We also used the Kishino-Hasegawa test (Kishino and Hasegawa, 1989) as implemented in PAUP ¤ for MP analysis to compare statistically the MP trees for mitochondrial and nuclear data sets with the shortest trees of both sets con- strained to monophyly of (1) species, (2) species group, or (3) Ishikawa's (1991) hypothetical cladistic relationship among species groups (Fig. 1) . Note that Ishikawa's hypothesis is derived intuitively and not based on formal cladistic analysis. Because multiple shortest trees were obtained in every case, we assessed the ranges of standard deviation of the difference in tree length and the signicance for each comparison.
RESULTS
Mitochondrial Gene Genealogy
In separate analysis of the ND5 data, most-parsimonious trees of 419 steps (CI D 0.49, RI D 0.79 [the stated CI excludes uninformative characters throughout]) were obtained (Fig. 3) . The 16S data resulted in most-parsimonious trees of 126 steps (CI D 0.53, RI D 0.84), a lower level of resolution than ND5 (Fig. 3) . These mtDNA regions were AT-rich and had high estimated transition/transversion rates (Table 3) .
Combined analysis for the two genes resulted in 72 most-parsimonious trees of 561 steps (CI D 0.48, RI D 0.79) (Fig. 4) . The mitochondrial gene tree did not support the monophyly of any morphological species or species groups except C. yamato. The tree in Figure 4 had two major clades, corresponding to Lineages I and II designated by Su et al. (1996b) . With several exceptions, Lineage I included the Albrechti, Japonicus, and Dehaanii species groups (with small triangle copulatory pieces), and Lineage II the Insulicola and Yaconinus species group (with hooklike and pentagonal copulatory pieces, respectively). Haplotypes isolated from three species-C. yaconinus, C. insulicola, and C. dehaanii-were found in both clades (Fig. 4) . 
Nuclear Gene Genealogy
The pairwise sequence divergence in the nuclear genes was between 1.5% and 3.2%, roughly similar to that in mtDNA (Table 3) . The GC content of all three nuclear genes is »48%, more than twice as much as in the ATrich mtDNA. Despite their more evenly distributed base composition, the nuclear genes have a lower transition/transversion ratio, indicating fewer constraints on the type of base changes than in mtDNA (Table 3) . Phylogenetic analysis revealed an overall lower CI in comparison with that for the mtDNA data, and resolution of trees from separate analysis of individual gene loci was low. Tree reconstruction from the WG gene resulted in a consensus tree of 98 steps (CI D 0.49, RI D 0.72) with poor resolution (Fig. 3) . For PepCK, the shortest trees were 169 steps long (CI D 0.38, RI D 0.54), and the resolution of phylogenetic relationship was equally low. For the Anonymous gene, mostparsimonious trees with 267 steps (CI D 0.40, RI D 0.72) were obtained. In these trees all individuals of both C. dehaanii and C. japonicus formed a monophyletic group. To obtain better resolution of the nuclear gene trees, we reweighted characters according to the rescaled CI and searched for MP trees (not shown). This resulted in an almost fully resolved tree for the Anonymous locus, but resolution remained low for the other two gene trees.
The combined data set of three nuclear genes resulted in 20 most-parsimonious trees of 594 steps (CI D 0.36, RI D 0.59) (Fig. 4) . The match of these trees with the expectations from morphology was generally better than in the mtDNA-based tree. In contrast to the mtDNA, the nuclear data supported the monophyly of the Albrechti species group. Of the three species with mtDNA haplotypes split between both major mtDNA clades, C. dehaanii, as expected, formed a monophyletic group in the nuclear analysis, as sister to C. japonicus. Individuals of C. insulicola, although not monophyletic, were con ned to a clade consisting only of species in the Insulicola group. Only C. yaconinus genotypes continued to be widely separated.
Incongruence of Data Partitions
The partition homogeneity tests showed signi cant incongruence between the various data partitions (Table 4 ). In pairwise analysis of all combinations of the ve loci under investigation, the ILD ranged between 16 and 96 steps. The ILD was either not signicant (PepCK vs. WG, PepCK vs. Anonymous: P > 0:05), weakly signi cant (16S vs. ND5, P D 0:043; WG vs. Anonymous, P D 0:011), or highly signi cant (all mitochondrial vs. nuclear comparisons, P D 0:001). Although these P-values suggest that the incongruence within the two major partitions is weaker than between them, the total number of informative character changes in the matrix differs widely between the partitions. When ILD was standardized for the tree length of the two combined partitions, the incongruence was relatively high in comparisons of mitochondrial and nuclear loci but also between any two nuclear loci. However, comparison of the two mitochondrial loci showed the least incongruence (Table 4) .
Con icting signal between the data partitions was also assessed in a simultaneous analysis of all mitochondrial and nuclear data combined. Parsimony analysis on the combined matrix resulted in six trees of 1267 steps (CI D 0.37, RI D 0.64) (Fig. 5) . The incongruence between mtDNA and nuclear DNA partitions was signi cant (P D 0:001, ILD D 112), indicating con ict in the phylogenetic signals between them. The overall topology of this tree matches neither the mtDNA nor the nuclear DNA tree, but support for this topology comes predominantly from the mtDNA. Forcing the topology of the simultaneous analysis tree onto the mtDNA partitions (Swofford, 1991) increased their tree lengths over the separate analyses by 11% and 7% for the 16S and ND5 data, respectively, but the increase was even greater for the nuclear markers (35%, 20%, and 28%, for WG, PepCK, and Anonymous, respectively) ( Table 4) .
When the PBS was calculated for the individual gene partitions on this tree, 77% of the BS was from the mtDNA data (49% from ND5; 28% from 16S), whereas PepCK contributed only 4.5%, Anonymous 19%, and WG was slightly negative (Table 5 ). The contributions of the various gene partitions to the overall support values contradicted each other at almost every node, except for nodes 4 and 5, which were universally supported by each of the partitions. The PBS values for mitochondrial and nuclear partitions exhibited a signi cant negative correlation (Spearman's rank correlation, r s D ¡0:620, P < 0:0001), although both data sets had about an equal chance to have the larger signal at each node (the mitochondrial partition had larger PBS values at 56.8% of the nodes; P > 0:05 by Wilcoxon's signed ranks test). In contrast, within the mtDNA and within the nuclear partitions, the correlation of PBS was signi cantly positive (between 16S and ND5, r s D 0:370, P < 0:05) or not signi cant (within nuclear data: WG vs. PepCK, r s D 0:117; WG vs. Anonymous, r s D 0:096; PepCK vs. Anonymous, r s D 0:276; all P > 0:05).
PBS was also calculated separately for each of the combined mitochondrial and nuclear gene trees (Fig. 4) to assess the internal conict within the two major classes. In the mitochondrial tree, the sums of PBS for 16S and ND5 were 43.3 and 60.7, respectively (total BS, 104), with con icts in PBS at 14 of 34 nodes. Re ecting this partial con ict, the PBS values were negatively correlated between 16S and ND5 (Spearman's rank correlation, r s D ¡0:392, P D 0:022). However, con ict was much higher within the nuclear partitions, the summed PBS being ¡37.6, ¡3.8, and 107.4 for WG, PepCK, and Anonymous, respectively (total BS, 66), and the con ict in PBS occurred at most (33 of 38) nodes. The correlations in PBS between partitions were r s D 0:310 for WG versus PepCK (P > 0:05), r s D ¡0:866 for WG versus Anonymous ( P < 0:0001), and r s D ¡0:535 for PepCK versus Anonymous (P D 0:0005). These trends were in general agreement with the internal conicts encountered in the analysis of ILD (Table 4) that is, minor con ict between the two mitochondrial partitions, but strong conict between the nuclear loci, most signicantly between WG and Anonymous.
The strong incongruence between the mitochondrial gene tree and morphological taxonomy was apparent in an analysis in which single morphological species and traditionally recognized species groups were Minimum length of tree when constrained to topology of, respectively, "all" tree ( Fig. 5) , "mt" tree (Fig 4) , and "nuclear" tree ( Fig. 4) (% additional length in parentheses).
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FIGURE 5. The consensus tree of six most-parsimonious trees obtained from the simultaneous analysis of mitochondrial and nuclear data sets (length D 1267, CI D 0.37, RI D 0.64). Circled node numbers refer to those in Table 5 , and Bremer support values are indicated above the branches. Nodes that are supported by the mitochondrial data set but contradicted by the nuclear data set, and vice versa, are indicated by different patterns of branches, when the difference in PBS between two data sets is >2 (see also (Fig. 5) . The contribution of each gene (and each of mitochondrial and nuclear data sets) to the Bremer support at the corresponding nodes is given. constrained to be monophyletic (Table 6 ). This constraint added a large amount of homoplasy to the mitochondrial gene tree, but the excess homoplasy was much less for the constrained nuclear gene tree. The Kishino-Hasegawa test for comparison of tree topologies (Table 7) showed that, in both mtDNA and nuclear DNA data, the unconstrained shortest trees differed signi cantly from the shortest trees constrained to either species, species groups, or a hypothetical species-group phylogeny. However, the difference was much greater in the mtDNA data (26-39%) than in the nuclear DNA data (4%).
DISCUSSION
Incongruence between Mitochondrial and Nuclear Data Sets
The subgenus Ohomopterus has provided one of the strongest cases yet for the incongruence of mitochondrial genealogy and the presumed "species tree" inferred from morphological data. Our data generally corroborated the mtDNA analysis of Su et al. (1996b) , who rst detected this incongruence. However, their type-switching hypothesis to explain the mtDNA/morphology incongruence was not corroborated by our study of nuclear markers. The type-switching TABLE 6. Incongruence between morphological taxonomy and gene genealogy expressed by the costs of monophyly on gene trees in terms of increase in tree length (1TL) and decrease in rescaled consistency index (1RC) from that of unconstrained trees when monophyly of a given species or species group is assumed in the search for the MP tree. hypothesis would predict that the nuclear genealogies would be inconsistent with the morphology and broadly consistent with the mtDNA genealogies (that is, the molecular data re ected the "true" relationship).
Because we found strongly contradictory mtDNA and nuclear DNA genealogies, these predictions were not con rmed. In fact, the nuclear genealogies tended to conform rather better than the mitochondrial ones with the morphologically de ned species, indicating that an ad hoc explanation for the distribution of mtDNA, but not of morphology, is required. Comparison of tree topology by Kishino-Hasegawa test between unconstrained MP trees and shortest trees constrained to traditional species, species groups, and a hypothetical cladogram at species-group level (Ishikawa's tree; Fig. 1 However, the patterns of incongruence among the ve markers analyzed were complex. Taken together, our analyses indicate a remarkable extent of incongruence between the mitochondrial and nuclear partitions and less incongruence within these two major classes. However, whereas the ILD is minimal between the two mitochondrial partitions, within the nuclear pairwise comparisons the ILDs differ little from those comparisons with the two mitochondrial loci (Table 4) . Topology-based measures of incongruence (Swofford, 1991) also were indicative of extensive incongruence between S YSTEMATIC BIOLOGY VOL. 50 FIGURE 6. Relationship between the uncorrected pairwise distance (proportion of different sites) and the Kimura two-parameter distance for all pairs of sequences in each data partition for Ohomopterus. the various nuclear partitions (Table 4) . Similarly, careful analysis of PBS values also suggests that the two mitochondrial partitions equally contribute to the total BS of the simultaneous analysis tree, indicating hidden support (sensu Gatesy et al., 1999b) . But the simultaneous analysis does not indicate a common phylogenetic signal involving the three nuclear partitions, demonstrating the dif culty in de ning the extent of incongruence at which it becomes meaningful to invoke process explanations (such as type switching, introgressive hybridization, or others) to account for the observed differences in tree topology obtained from different data partitions.
The principal divide of the phylogenetic signal in the mitochondrial and nuclear partitions may, however, re ect differences in the manner in which substitutions occur among loci, such as the rate of evolution, GC content, and the predominant types of character changes. All of these differed greatly among loci in our data set, especially between mitochondrial and nuclear partitions (Tables 3  and 4 ). In addition, homoplasy resulting from substitutional saturation may be a factor of incongruence (e.g., Baker and DeSalle, 1997) . Because our analysis was limited to MP analysis with equal character-weighting, we considered that the perceived incongruence pattern in the Ohomopterus data could be due to an artifact of these differences in character evolution. We therefore tested for the saturation of substitutions in plots of pairwise sequence divergence against divergence under the Kimura two-parameter model (corrected for transition/transversion bias) (Fig. 6) , but found only a small deviation from linear rates of divergence in loci with relatively high rates of evolution (ND5 and Anonymous). To downweight homoplastic changes, we performed tree searches after successive reweighting of characters according to the rescaled CI, but the topology of the resulting trees (not shown) remained largely unchanged. Thus, the incongruence pattern revealed by our analysis appears to persist even when various factors in sequence evolution are considered.
We conclude that the situation in Ohomopterus may be different from several other cases where substantial amounts of incongruence between gene phylogenies in multiple, unlinked genetic loci have been reported. For example, Baker and DeSalle (1997) studied eight different loci in reconstructing relationships of Hawaiian drosophilids, each of which contradicted the total evidence analysis to various degrees. Despite this apparent inconsistency of individual data partitions, a strongly supported overall topology emerged, and problematic data sets were shown to have resulted from saturation, which did not, however, strongly affect the topology in the simultaneous analysis. In this and similar cases (e.g., Gatesy et al., 1999a) , incongruence has been attributed to weakly supported signal in the individual data sets, one that is possibly overwhelmed by con icting signal in highly homoplastic sequence data and emerges from the noise only when combined with more data that also contain this signal (type III incongruence of Brower et al., 1996) . Several examples are now known of multiple gene phylogenies in which a (biologically reasonable) sister relationship was discernible only in the simultaneous analysis but not in either of the individual gene trees (e.g., Olmstead and Sweere, 1994; Soltis et al., 1998; Gatesy et al., 1999a Gatesy et al., , 1999b O'Grady, 1999) . The accumulation of data from additional loci is therefore expected to improve the recovery of the signal, and the more data that are included, the greater is the support (Gatesy et al., 1999a (Gatesy et al., , 1999b , even if the individual data sets contain substantial incongruence. In Ohomopterus, however, the distribution of contradictory signal is more strongly structured, most notably along the mtDNA versus nuclear DNA partitions. The inclusion of, so far, ve loci has given no indication of the existence of a common signal contained in these data.
Thus, we conclude that Ohomopterus exempli es a case of true incongruence (type IV of Brower et al., 1996) between mtDNA and nuclear DNA genealogies and possibly between various nuclear loci. Although the current taxonomy of Ohomopterus is not fully cladistic, type IV incongruence apparently also extends to the data from external morphology. Therefore, the relationships in Ohomopterus remain obscure in the simultaneous analysis tree, which represents the fullest "explanation" of all available evidence (DeSalle and Brower, 1997) . Type IV incongruence is thus discovered by the failure to recover a stable, cladistic tree when additional data are accumulated. The suggestion that data should be combined only pending tests of homogeneity (e.g., Bull et al., 1993) would possibly fail to discriminate Type IV incongruence from those situations in which hidden support in multiple data sets would eventually produce a largely stable tree. For this to happen, a large number of data from different sources may be needed, and corroboration of Type IV incongruence may therefore require a large body of data. In addition, Type IV incongruence can be corroborated if evidence is found that is consistent with recognized processes for erasing the hierarchical structure of character distribution, such as recombination and introgression. Consequently, additional analysis is being directed toward two issues. First, we are analyzing more nuclear DNA markers to obtain better resolution and to get more information on the phylogenetic history of various parts of the nuclear genome (Sota and Vogler, in prep.) . Second, we are seeking explanations of the major mtDNA/morphology incongruence, some possibilities for which are discussed below.
Possible Causes of mtDNA/Morphology Incongruence
Introgressive hybridization and lineage sorting of ancestral polymorphism are major evolutionary processes that can result in true incongruence between gene genealogies or between genealogy and morphology (Bull et al., 1993; de Queiroz et al., 1995; Brower et al., 1996) . In advocating the parallel evolution under type switching for Ohomopterus, Su et al. (1996b) rejected the signi cance of the above processes as explanations for the mtDNA/morphology incongruence because they perceived that the existence of some region-speci c mitochondrial lineages shared by different morphological species were inconsistent with these processes. The basis of their claims was the assumption that both processes should result in more or less randomly-assigned distribution of mitochondrial haplotypes among morphological species and geographic areas. For example, they considered introgressive hybridization to be an unlikely explanation for the observed distribution pattern of mitochondrial haplotypes because of the lack of evidence for shared mitochondrial polymorphisms between two species where introgression was suspected. However, the validity of their claims needs to be reconsidered, because mitochondrial haplotypes are in fact more highly polymorphic within populations and within morphological species than Su et al. (1996b) initially observed, as is apparent from the current data we present. Our mitochondrial genealogy, although largely consistent with that of Su et al. (1996b) , differed in several ways. For example, C. yaconinus in Lineage I (Fig. 4) formed a monophyletic clade in Su et al. (1996b) , whereas the corresponding clade of C. yaconinus in our data also included C. japonicus and C. daisen collected from the same regions with C. yaconinus. Also, in Su et al. (1996b) , C. esakii was included in Lineage I together with some C. insulicola. In our study, the two C. esakii specimens were included in Lineage II. These differences between Su et al. (1996b) and our ndings apparently indicate polymorphisms of mitochondrial haplotypes within species.
Mitochondrial polymorphisms within populations have been found in our additional research utilizing ND5 for many specimens of C. insulicola, C. esakii, and others (Sota et al., unpublished) . In C. insulicola, some populations were found to be polymorphic in mtDNA, consisting of distinct haplotypes from Lineage I and II in Figure 4 . C. esakii also is polymorphic in different localities, and the haplotypes were split into two distinct clades corresponding to the one including C. insulicola (accessions 6, 24) and the one including C. esakii (5, 32) in Figure 3 . Hybrids of C. insulicola and C. esakii are known at their contact zones, although they are infrequent. Some ND5 sequences of C. esakii mitochondria at and around contact zones (not included in the present analysis) are identical to the haplotype of C. insulicola and are likely to have introgressed through hybridization. Thus, introgression of mitochondria through hybridization and backcrossing seems to be an important process leading to the apparently curious distribution of mitochondrial hyplotypes in Ohomopterus.
An enigmatic case is the existence of C. insulicola mitochondrial types (6, 24) among the Albrechti species group and a part of the Japonicus species group. Su et al. (1996b) called the corresponding clade the Japan Sea/East Japan clade (D East Japan, Tsushima, Oki clade in Fig. 4) . However, the geographic range of this clade is vast (»1500 km wide), in sharp contrast with the ranges of other clades, because of the inclusion of two island subspecies of the Japonicus species group (18, 28) isolated in the Japan Sea. Although both the Albrechti species group and C. japonicus are monophyletic in the nuclear DNA tree, the geographic separation of the above island Japonicus groups from other populations of the Japonicus species group is unlikely to have occurred before their separation from the Albrechti species group. Therefore, the relatedness of those Japonicus group taxa with the Albrechti group suggests that one lineage of ancient mitochondrial haplotypes has been inherited by the populations in remote areas. On the other hand, C. insulicola has a wide overlapping range with the Albrechti species group, and hybridization could have occurred in the past. Although hybridization of C. insulicola and the Albrechti species group seems unlikely at present because of the substantial differences in their body sizes and genitalia (see Fig. 1 ), the ancestral form of C. insulicola might have been smaller, with less extended copulatory pieces, and thus able to hybridize with the Albrechti species group.
Thus, more careful population surveys are likely to produce further evidence for introgressive hybridization as the main process that has caused incongruence between mitochondrial tree and traditional taxonomy. This is also supported by several instances in which natural hybridization between parapatric species was observed directly (Kubota, 1988; Kubota and Sota, 1998; Sota et al., 2000) . Such introgression across species boundaries is more likely to become manifest in mtDNA than in nuclear DNA, and may be directional (e.g., Nei, 1987; Barton and Hewitt, 1989; Avise, 1994 ; see also Rieseberg and Soltis, 1991) , a fact that would be consistent with the greater incongruence of mitochondrial markers with the morphological species delimitations relative to that of the nuclear markers. Ishikawa (1989 Ishikawa ( , 1991 proposed that the ve species groups of Ohomopterus originated in mountain areas from allopatric ancestral forms with typically small body sizes and that three of ve groups produced large-sized, derived forms that adapted to lowlands and expanded their distributional ranges. Because subgenera of the genus Carabus (s. s.) other than Ohomopterus possess only moderate triangle or shoehorn-like copulatory pieces (Ishikawa, 1973) , this type is probably the ancestral form, from which species with pentagonal and hooklike copulatory pieces have been derived (Fig. 1) . Contrary to this assumption, the nuclear gene tree indicated that some species with triangle copulatory pieces might be derived from species with hooklike copulatory pieces. However, we could use only C. granulatus as an outgroup, and the resolution of higher nodes of the nuclear gene tree was low. Study of the phylogenetic relationship of other subgenera of Carabus with Ohomopterus will be necessary to determine the polarity of genitalic evolution. Because species with pentagonal copulatory pieces (Yaconinus species group) were close either to species with triangular copulatory pieces or to species with hooklike copulatory pieces, the pentagonal copulatory piece may be an ancestral form or an intermediate form linking the other two types in the evolutionary process.
Implication for the Phylogeny of Ohomopterus
The incongruence of gene genealogies in Ohomopterus indicates that the pattern of divergence was not a simple repetition of allopatric divisions but instead involved reticulate processes, possibly resulting from introgressive hybridization. The complex biogeographic history of the Japanese Archipelago in the Tertiary and Quaternary may have promoted reshuf ing of divergent lineages. Because the present sympatric species assemblages consist of two to ve species of different sizes (Sota, 1987; Kubota and Sota, 1998) , multiple events of range shifts and secondary contacts among diverging lineages have probably occurred, perhaps occasionally accompanied by introgressive hybridization. Thus, recombination and backcrossing could have dissociated different parts of the genome and resulted in the incongruent phylogeny of different DNA segments isolated from a single individual.
Conclusions
The study of Ohomopterus ground beetles provides one of the clearest examples to date for the incongruence of mitochondrial and nuclear gene trees and highlights the dif culty of inferring phylogenetic relationships between closely related groups of organisms. The prediction that gene trees and species trees are likely to differ has been given much attention in the theoretical literature, although it is unclear how widespread this problem is in nature. Perhaps the extent of incongruence of gene genealogies in Ohomopterus is unusually high; if so, this will raise the question of why this group is affected by this phenomenon more than others. Gene ow between Ohomopterus species presumably should be prevented by the strong reproductive isolation in place, given the differences in genitalic structures. However, the evidence for gene ow between reproductively separated groupings is much contrary to this expectation. Perhaps the diversication in genitalic characters in this lineage has been favored by selection to reinforce the separation of subdivided populations.
